Tautomerism of pyrimidine base cytosine has been comparatively examined on nanoparticle and roughened plate surfaces of silver, gold, and copper by surface-enhanced Raman scattering (SERS). The SERS spectrum was found to be different depending on the metals and their substrate conditions suggesting the dissimilar population of various tautomers of cytosine on the surfaces. The ab initio calculations were performed at the levels of B3LYP, HF, and MP2 levels of theory with the LanL2DZ basis set to estimate the energetic stability of the tautomers with the metal complexes as well as the gas phase state. The amino group and N 3 -coordinated tautomer was predicted to be more favorable for bonding to Au, whereas the hydroxyl and N 1 -coordinated zwitter ionic form is most stable with Ag and Cu as a bidentate form from the DFT calculation. The binding energy with the Ag atom is calculated to be smaller than those with the Au and Cu atoms in line with the temperature-dependent SERS spectra of cytosine.
Introduction
There has been increasing interest in estimating the stabilities of various geometric forms of nucleic acid bases due to their potential importance in genetics and related fields. [1] [2] [3] [4] Ab initio calculations have been employed to predict the structure and energetics of nucleic acid bases. 5, 6 Cytosine, one of the simplest pyrimidine bases, has been a frequent subject of theoretical studies due to its biochemical importances. [7] [8] [9] Vibrational spectra of DNA bases are calculated by DFT calculations. 10 Binding properties of cytosine on metal surfaces have been studied by means of various spectroscopic tools. [11] [12] [13] [14] [15] [16] The energetics of cytosine-gold interactions were recently investigated by temperature programmed desorption and reflection absorption FT-IR spectroscopy. 11, 12 Adsorption of single stranded DNA consisting of cytosine bases was investigated by means of X-ray photoelectron and FT-IR spectroscopy.
14 An infrared reflection absorption study of cytosine indicates that the molecule is expected to have an upright geometry on Cu(110) via its N 1 -coordinating atom with the amino group pendent from the surface. 15 For 1,5-dimethylcytosine, the interaction energy with the metal surface is assumed to grow in the order of Ag < Au < Cu. 16 The optical properties of metal nanoparticles have attracted both scientific and technological interest in the past two decades due to their potential applications in many areas. 17, 18 Surface-enhanced Raman scattering (SERS) on metal surfaces has shown great potential for use in biomedical analysis. 19 The analysis of spectral features has provided detailed information on surface reactions and the geometry of adsorbates. 20, 21 SERS has recently been used to monitor analyte-surface binding interactions as biosensors. 22 Numerous cases have been reported indicating that the adsorption behavior depends on the metal substrates. [23] [24] [25] [26] [27] [28] [29] The detailed origins of the different adsorption characteristics on metal substrates have not been fully clarified, however. Tautomeric stabilities appeared to be different depending on metal substrates. Recently we performed an SERS study of uracil and thymine on gold and silver nanoparticles in a comparative way using ab initio methods at B3LYP and MP2 levels of theory. 28, 29 The N 3 -deprotonated tautomer of both uracil and thymine was predicted to be more favorable on Au than on Ag.
Although adsorption of cytosine has been previously studied, [11] [12] [13] [14] [15] [16] a detailed analysis depending on its tautomer was not conducted. To aim at understanding tautomerism of the simplest pyrimidine base upon adsorption on the metal surfaces, we studied tautomerism of cytosine on Ag, Au, and Cu by SERS and DFT calculation.
Experimental Section
Cytosine (≥ 99%) was purchased from Sigma Aldrich. The citrate stabilized gold and silver sols were synthesized by the recipes in the literature. 30 For Ag, 90.0 mg of AgNO 3 in 500 mL of water was brought to boiling. A solution of 1% sodium citrate (10 mL) was then added to the AgNO 3 solution under vigorous stirring. For Au, 133.5 mg of KAuCl 4 (Aldrich) was initially dissolved in 250 mL of water, and the solution was brought to boiling. A solution of 1% sodium citrate (25 mL) was then added to the KAuCl 4 solution under vigorous stirring, and boiling was continued for ca. 20 min. The resulting Au solution was stable for several weeks. All the chemicals otherwise specified were reagent grade and triply distilled water, of resistivity greater than 18.0 MW cm, was used in making aqueous solutions. For Cu, the nanoparticle solution was prepared by the following recipe. 31 All the chemicals otherwise specified were reagent grade and triply distilled water, of resistivity greater than 18.0 MW cm, was used in making aqueous solutions. The SERS plate substrates were produced from a metal plate by an oxidation-reduction cycle using a CH Instrument 700A potentiostat or by eroding the Ag and Cu plate using a HNO 3 solution.
Raman spectra were obtained using a Renishaw Raman confocal system model 1000 spectrometer equipped with an integral microscope (Leica DM LM). 32 Raman scattering was detected with 180 o geometry using a peltier cooled (-70°C ) CCD camera (400 × 600 pixels). An appropriate holographic notch filter was set in the spectrometer. The holographic grating (1800 grooves/mm) and the slit allowed the spectral resolution to be 1 cm 32 Since the same excitation wavelength at 632.8 nm was employed in obtaining all the Ag, Au, and Cu SERS spectra, the instrumental effect or laser mode should be.
Calculation Methods
All ab initio molecular orbital calculations were carried out using the Gaussian 03 package 33 The geometry optimization of cytosine and Ag/Au/Cu complex were carried out at the levels of MP2, HF, and B3LYP. The LanL2DZ basis sets with a relativistic effective core potential have been used for Ag, Au, and Cu. The six tautomeric forms that could be coordinated to metal atoms were considered among many possibilities. 7 The geometry optimization for the tautomers was carried out starting from many possible orientations. During the geometry optimization, no geometric constraints such as planarity were used for the present calculation.
Results and Discussion
Raman Spectra. Figure 1 shows the ordinary Raman (OR) spectrum of cytosine in neat solid state, the Ag, Au, and Cu SERS spectra at high bulk concentration of ~10 −3 M.
It seemed a rather straightforward to correlate the OR bands with the SERS bands. Their peak positions are listed in Table 1 along with the appropriate vibrational assignments. Our assignment is mainly based on the previous literatures. 10 The concentration of cytosine in the aqueous solution was 10 -3 M. This concentration should correspond to cytosine on metal surface at the concentration above a full-coverage limit by assuming that the adsorbate was oriented perpendicularly with respect to the colloidal surfaces. [25] [26] [27] [28] [29] Our spectrum on Ag appeared to be consistent with this report. 10 It has been admitted that the colloidal conditions for Ag, Au, and Cu nanoparticle solutions may be not be adequate to discuss the tautomerism of cytosine. For instance it seems difficult to discuss the stability of the zwitter ionic conformers in aqueous solutions without considering the solvation effect. To compare better the differences in the SERS spectra, we have obtained the SERS spectra on Ag, Au, and Cu plates after drying the solution as listed in Figure 2 . Their peak positions are also listed in Table 1 . It was found that the SERS spectra on the plates appeared to be somewhat different from those on the nanoparticles, indicating that the stability of the tautomers could change depending on the medium conditions.
Regarding the adsorbate orientation on the surfaces, as shown in Figure 1 , it is noteworthy that the ring C-H stretching bands were identified at ~3060 cm -1 , albeit weakly, in the Ag, Au, and Cu SERS spectra. It has been well documented in the literature that the presence of the ring C-H stretching band in an SERS spectrum is indicative of a vertical (or at least tilted) orientation of the aromatic ring moiety on a metal substrate. [25] [26] [27] [28] [29] The ring breathing mode in the OR spectrum exhibited neither a substantial red shift nor the increase of its bandwidth as in the Ag, Au, and Cu SERS spectra shown in Figures 1 and 2 . The blue shift of the ring breathing mode may indicate a rather weak interaction of the aromatic rings on the gold and silver surfaces. Neither a substantial red shift nor a significant band broadening of the ring breathing modes was observed for the case of cytosine on Ag, Au, and Cu where the molecule is assumed to have a standing orientation. 28, 29 Since an unequivocal selection rule is not available for SERS, the exact tilt angle cannot be determined for cytosine at present. According to the electromagnetic (EM) theory on the SERS selection rule, 19 vibrations along the direction perpendicular to the surface are expected to be more Figure 1 . (a) OR spectrum of cytosine in neat solid state and SERS spectra in aqueous (b) silver, (c) gold, and (d) copper nanoparticle solutions. All spectra were taken using the He-Ne laser at the 632.8 nm irradiation. The spectral region between 2800 and 1800 cm -1 was omitted due to the lack of any information.
enhanced than vibrations in the parallel direction. This rule suggested that the in-plane vibration modes should be more enhanced than the out-of-plane ones. The relative intensities have been evaluated for several vibrational modes of cytosine as summarized in Table 2 . For cytosine, most ring modes were found to ascribe to the in-plane mode except the weak mode at ~430 cm −1 . It was reported that the charge transfer (CT) mechanism could also significantly contribute the enhancement of the SERS intensities. 20 Although the SERS spectra feature could be roughly described by the electromagnetic (EM) mechanism, it is admitted that the CT mechanism may also contribute the SERS intensities of several vibrational bands of cytosine on Cu, Ag, and Au. In fact the different enhancement values for the same symmetry as listed in Table 2 could be better explained with a combination of the EM and CT mechanisms.
Although the band positions and intensities spectra looked somewhat comparable, the SERS spectra showed more complicated features between 1700 and 900 cm −1 indicating the existence of different tautomers of cytosine depending on metal substrates. The difference in the SERS spectral bands may result from the dissimilar population of the tautomers 28, 29 of cytosine upon adsorption on Ag, Au, and Cu.
Also the enhancement factors are observed to be different for sols and roughened surfaces as compared in Table 2 . Although most spectral features are analogous with those in the colloidal solutions, several vibrational bands showed (a) OR spectrum of cytosine in neat solid state and SERS spectra in (b) silver, (c) gold, and (d) copper plates. All spectra were taken using the He-Ne laser at the 632.8 nm irradiation. The spectral region between 2800 and 1800 cm -1 was omitted due to the lack of any information. different intensities presumably due to the dissimilar medium effects. Since the basicities of the nitrogen and oxygen atoms are different, the most stable tautomer should not be the same depending on the colloidal conditions.
For the SERS spectra on the plates, one of the most noteworthy differences in the Au SERS spectrum is a relative increase of the vibrational band at ~1640 cm −1 which could be ascribed to the NH 2 scissoring band. This band is found to be much weaker in Ag and Cu SERS spectra (In fact this band is quite strong on Cu nanoparticle solutions but greatly reduced on Cu plates). This result suggests that the amino group of cytosine should involve in bonding to Au for the dry plate condition in an effective way, differently from the cases on Ag and Cu.
DFT Calculation Results of Ag, Au, and Cu Metal Complexes with Tautomers of Cytosine. To check our spectral behaviors, ab initio calculations were performed for the gas phase cytosine of the possible six tautomers labeled to "1"~"6" as illustrated in Figure 3 and Table 3 . Our notation is based on the literature from reference. 7, 34 The "2" tautomer was found to be most stable in their gas phase at the level of B3LYP, whereas the "1" tautomer appeared to be more stable than the "2" tautomer by only 1.7 and 2.1 kcal/ mol at the level of HF and MP2, respectively. The zwitter ionic "4" tautomer was calculated to be least stable for the gas phase presumably due to its charge repulsion as listed in Table 3 .
Upon adsorption on the Ag, Au, and Cu atom, the available N 3 , N 1 , or amino group sites of the six tautomers of cytosine was considered to check the stabilities. The geometry optimization for the tautomers of cytosine-metal complexes was carried out at the B3LYP/LanL2DZ level of theory starting from many possible structures. The geometry optimizations were converged to one structure for each tautomer even though they were started from many possible configurations. Plausible structures of Ag-cytosine, Aucytosine, and Cu-cytosine for the amino group and N 3 - Symmetry types corresponding to the C2 point group and numbers in atoms based on "2" tautomer. Table 1 and Figures 1 and 2 . Table 4 .
In the previous SERS study of 1,5-dimethylcytosine, the binding energy via the N 3 atom with the metals is estimated to be in the order of Cu > Au > Ag. 16 As listed in Table 4 , the binding energies of Ag for the N 3 -coordinated tautomer are calculated to be smaller than those of Cu and Au in line with the previous experiments on 1,5-dimethylcytosine. 16 It is noteworthy that the N 3 -coordinated site for the "5" tautomer was calculated to be most stable on Au, whereas the N 1 -coordinated site of the zwitter ionic "4" tautomer appeared to be most favorable on Cu and Ag. Our results suggest that the N 3 -coordinated tautomer could exist on Au as evidenced in Raman spectra of Figures 1 and 2 . Also it has to be mentioned that the metal can coordinate to cytosine as a bindentate fashion through the nitrogen atom of pyrimidine and the nitrogen or oxygen atom from the amino or hydroxyl group, respectively. Our calculations indicated that the amino group and N 3 -coordinated tautomer appeared to be favored on Au than on Cu and Ag. Invoking that Cu and Ag are more easily oxidized than Au, it is expected that the oxygen atom would have a tendency to get close to Cu and Ag than to Au. Although the stableness of the amino group and N 3 -coordinated tautomer on Au is not well understood, it can cause different spectral features from those on Cu or Ag as revealed in Figures 1 and 2 . Different spectral features on Au could be ascribed to the amino group and N 3 -coordinated tautomer. On the other hand, almost all the SERS bands could be expected to the N 1 -coordianted tautomer for Ag and Cu as referenced from Table 4 .
Our DFT calculations also indicated that the energetic difference of the tautomers should be different depending on the metals. For the most stable tautomer for each metal, the metal-N bond distance was calculated to be shorter for Au (2.015 Å) and Cu (2.033 Å) than Ag (2.390 Å). This should result in the lower desorption temperature of cytosine on Ag than on Au or Cu. Figure 5 shows a plot of the intensities of the ring breathing modes at ~790 cm -1 as a function of temperature between 20 and 300 o C. To estimate the SERS intensity changes depending on the temperature, the ring breathing modes at ~790 cm -1 was chosen as a reference. The peak heights of the ring breathing modes at ~790 cm -1 were measured at each temperature. The intensities are normalized with respect to those at room temperature for Ag, Au, and Cu. Decrease in vibrational intensity for the ring breathing modes at ca. 790 cm −1 was measured in increasing temperature. As illustrated in Figure 5 , the desorption temperatures of Au and Cu appeared to be about the same, whereas that on Ag was found to be much lower. This result indicates that the binding energy of cytosine on Ag should be smaller than those on Au and Cu as in line with the calculated energies in Table 4 . The largest binding energies of Ag, Au, and Cu atoms among various tautomers are calculated to be −82.7, −106.8 and −100.6 Kcal/mol, respectively, in consistent with the experimental results. Energetic or kinetic factors may also result in different adsorption behaviors on Ag, Au, and Cu. It has to be admitted that the computational model used is a complex between the cytosine and a single metal atom, which may not be adequate for the phenomenon under investigation concerns cytosine adsorbed to Cu, Ag, and Au surfaces. We plan to choose a suitable multiple atom cluster with a consideration of the solvation effect in future. Our study shall be helpful to understand the interaction of pyrimidine bases and metals.
Summary and Conclusions
The SERS spectral evidence in silver, gold, and copper surfaces indicated that the population of cytosine tautomers should be different depending on metal surfaces and substrate conditions. Our DFT calculations indicated that the energetic difference of the tautomers on gold should be different than those on silver or copper as well as those in the gas phase. On Ag and Cu, the N 1 -coordinated zwitter ionic form was found to be the most stable. The metal-N bond distance was calculated to be shorter for Au and Cu than Ag. This should result in the lower desorption temperature of cytosine on Ag than on Au or Cu. 
